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We perform core-level X-ray photoemission spectroscopy (XPS) and Raman spectroscopy studies of elec-
tronic structures and spin fluctuations in the nickelate oxide NdNiO2. According to the Ni 2p and O 1s XPS
spectra, there are strong covalence between Ni 3d and O 2p in the reference samples NiO and NdNiO3, due
to the positive and negative charge transfer in NiO and NdNiO3, respectively. In the contrast, the Ni 3d and
O 2p hybridization is significantly suppressed, indicating the Hubbard-like Mott insulator in the NdNiO2. The
three-peak structure in Nd 3d core-level XPS implies the strong mixing state between 4f3 and 4f4L in NdNiO2,
giving rise to a heavy-fermion like system. The two-magnon peak in the Raman scattering provides direct evi-
dence for the strong spin-fluctuation in NdNiO2. The peak position determines the antiferromagnetic exchange
J = 25 meV. Our experimental results agree very well with our previous theoretical results.
Introduction – Nickel has the formal valence with elec-
tronic configurations of of 3d7 Ni3+, 3d8 Ni2+ and 3d9 Ni+
in the transition-metal oxides, exhibiting lots of strongly cor-
related physics properties, such as the sharp metal-insulator
transitions, unusual magnetic order, charge order and even
the possible superconductivity [1–15]. The chemical potential
of nickel ions increases with decreasing the oxidation state.
Particularly, the perovskite nickelate NdNiO3 is a negative
charge-transfer oxide [16] while the rock salt NiO is a (pos-
itive) charge-transfer insulator [2] according to the Zaanen-
Sawatzky-Allen (ZSA) classification of the transition-metal
compounds [1]. Recently, superconductivity with the critical
temperature up to Tc ∼ 15 K is discovered in the thin film
Nd0.8Sr0.2NiO2 [14].
Reduced form of NdNiO3 leads to the infinite layered phase
NdNiO2 [7–13], which has a very flat NiO2 plane of the
square lattice for Ni+ with one hole in the dx2−y2 orbital.
Ni+ has higher chemical potential, the holes reside mostly
in Ni1+ ions and result in Ni2+ ions when the NiO2 plane
is doped in NdNiO2 [17, 18], consistent with recent X-ray
absorption spectroscopy (XAS) and resonant inelastic X-ray
scattering (RIXS) on the thin-film NdNiO2 samples [15]. Fur-
thermore, powder neutron diffraction studies of LaNiO2 and
NdNiO2 show no indication of magnetic order down to 5 K
and 1.7 K, respectively [8, 9]. A minority nickel metal impu-
rity phase in LaNiO2 and NdNiO2 makes it difficult to study
the thermodynamic spin susceptibilities [8, 9]. The absence of
long-range magnetic order may be due to poor sample quali-
ties, or due to the “self-doping” effects of the Nd 5d electron
pockets [18, 19]. It is generally accepted that antiferromag-
netic spin fluctuations due to the proximity to a Mott insu-
lator is a key ingredient for the unconventional superconduc-
tivity in the cuprate oxides [20, 21]. The exchange interac-
tion J for cuprates is very large, and J was determined from
the two-magnon peak to be of order 100 meV [22–32]. The
two-magnon peak persists even when antiferromagnetic long
range order disappears quickly with hole doping at least up
to optimal doping for hole-doped cuprate systems [33]. If the
sub-millimeter sizable single crystal is available, Raman scat-
tering is useful to explore the spin fluctuations in the NdNiO2.
In this paper, we perform core-level X-ray photoemission
spectroscopy (XPS) and Raman spectroscopy studies of elec-
tronic structures and spin fluctuations in the nickelate oxide
NdNiO2. Core-level XPS is a powerful tool to study elec-
tronic properties of transition-metal oxides [34]. Analysis of
XPS has helped in the classification of materials as charge-
transfer or Mott-Hubbard insulators [1] and the determina-
tionof important parameters, such as the on-site Coulomb in-
teraction and the charge-transfer energy [35, 36]. Accord-
ing to the Ni 2p and O 1s XPS spectra, the Ni 3d and O
2p hybridization is significantly suppressed, indicating the
Hubbard-like Mott insulator for the undoped NiO2 plane in
the NdNiO2. The three-peak structure in Nd 3d core-level
XPS implies the strong mixing state between 4f3 and 4f4L
in NdNiO2, giving rise to a heavy-fermion like system as
Nd1.8Ce0.2CuO4 [37]. Two-magnon peak in the Raman scat-
tering provides direct evidence for the strong spin-fluctuation
in NdNiO2. The antiferromagnetic exchange J is determined
as J = 25 meV in the Raman scattering, surprisingly close
the theoretical estimated value J = 26 meV [18].
Single crystal synthesis and experimental setup. – Be-
fore synthesizing NdNiO3 polycrystalline powder, a precur-
sor was obtained in following route: NiO and Nd2O3 pow-
der in a stoichiometric ratio of 2:1 were dissolved thoroughly
in hot concentered nitric acid and then evaporated the excess
nitric acid to get a green gel. After sintering green gel at
673 K for 2 hours, the black precursor powder was obtained.
The NdNiO3 samples were synthesized by calcining precur-
sor powder capsuled in h-BN at 1073 K under high pressure
of 2 GPa for 1 hour. The crystals of NdNiO3 with scale of
about 100 µm were successfully obtained in a similar way
with more optimized conditions. The NdNiO2 polycrystalline
samples were reduced from NdNiO3 using CaH2 as reduc-
ing agent. NdNiO3 and a two-molar excess of CaH2 were
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2FIG. 1. Refined XRD patterns collected at ambient conditions using
a Cu Kα radiation. (a) NdNiO3. (b) NdNiO2. The observed and
calculated patterns are shown in black and red, respectively. The po-
sitions of allowed Bragg reflections are denoted by blue tick marks.
The bottom profile in (a) is the difference between the observed and
calculated. Inset of each panel is a polyhedral view of the corre-
sponding crystal structure.
sealed in an evacuated quartz tube, and dwelled in furnace
as in Refs. [8, 9]. After reduction, the mixture was washed
carefully by NH4Cl in methanol solution to remove the resid-
ual Ca(OH)2. The NdNiO3 obtained by high-pressure was
well crystallized and of high quality as Fig 1 shows. After
reducing, peaks of NdNiO3 shift slightly in coincidence with
structure transition from Pbnm to P4/mmm. The broadening
of peaks might be caused by the stacking fault disorder dur-
ing the reduction process, which was also observed in other
reports [8, 9, 14].
The XPS investigations were carried out on Thermo Fisher
ESCALAB 250Xi using monochromated Al Kα radiation at
room temperature, and the electron flood gun was turned on
to eliminate electric charging effect in our insulating samples.
The binding energy in XPS was calibrated by 1s spectra of car-
bon. XRD measurements were conducted on Rigaku Smartlab
9 KW using Cu Kα radiation at room temperature. The Ra-
man spectra were measured in the quasi-back-scattering ge-
ometry on our home-built system using a HORIBA iHR550
spectrometer and the 632.8 nm excitation line of a He-Ne
laser. The power of the laser was kept low enough (about
400 µW) to prevent from heating and damaging samples. We
use 1200 grooves/mm grating to get the high resolution. Since
the light scattering intensity is weak, we set the integral time
to 1800 s. The samples were placed in a He-flow cryostat
which evacuated to 2.0× 10−6 Torr.
Electronic structures from X-ray photoelectron spec-
troscopy. – Core-level XPS measures the response of the va-
lence electrons to the creation of a strong local potential re-
sulting from the removal of a core electronand thus provides
information on the screening dynamics of a material. The
screening dynamics measures the electronic structure, particu-
larly the covalence hybridization between transition/rare-earth
metal and ligand in the oxide sample compounds.
Figure. 2 displays Ni 2p XPS spectra of NiO, NdNiO3 and
NdNiO2. The removal of the 2p core electron leads to the cre-
ation of a strong local potential on the nickel site. Different
types of core-hole screening result in various final states ap-
pearing as fine structures in the core-level XPS [34]. The Ni
2p spectrum is composed of 2p3/2 and 2p1/2 components due
to the large spin-orbit coupling in the Ni 2p core level.
We mainly focus on the Ni 2p3/2 components in Fig. 2.
The satellite feature is found at high binding energy around
861 eV in the three nickelate oxides. The satellite peak cor-
responds to the unscreened core hole. Rock salt NiO is a
charge-transfer insulator according to the analysis of the XPS
measurements [1], while NdNiO3 is characterized a negative
charge-transfer energy [16]. In the initial state, their ground
states have the characters of mainly |3d8〉 and |3d8L〉 (L is the
hole in the ligand) in NiO and NdNiO3, respectively. Corre-
spondingly, the main characters of the satellite peaks around
861 eV are 2p53d8 and 2p53d8L in NiO and NdNiO3, respec-
tively. Generally, Ni+ in NdNiO2 has a higher chemical po-
tential than Ni2+ and Ni3+. The satellite peak in NdNiO2 Ni
2p3/2 XPS has mainly 2p53d9 character. A over-screened fi-
nal states with 2p5d10L2 is found around 866 eV in NiO Ni
2p3/2 XPS spectrum. The over-screened peak in NdNiO3 and
NdNiO2 is nearly invisible.
The main line region around 852-859 eV corresponds to
the screened final state, where an electron is transferred from
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FIG. 2. Ni 2p1/2 and 2p3/2 core-level XPS spectra of NiO (a),
NdNiO3 (b) and NdNiO2 (c) powder samples.
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FIG. 3. O 1s core-level XPS spectra of NiO (a), NdNiO3 (b) and
NdNiO2 (c) powder samples.
the environment to the Ni site. The main lines of the three
compounds (NiO, NdNiO3 and NdNiO2) can be fitted by two
peaks as shown in Fig. 2, where the higher and lower binding
energy peaks correspond to the local and non-local screening
final states, respectively [38–41]. The analysis of the main
line in Ni 2p XPS for NiO has been studied previously [1, 38–
41]. In the main line of NiO, the highest binding energy peak
corresponds to the 2p53d9L final state, where an electron is
transferred from the neighboring oxygen atoms (local screen-
ing) leaving a hole in the oxygen ligand orbital L. The peak at
the lowest energy corresponds to the final state where an elec-
tron is transferred from oxygen in the neighboring NiO6 oc-
tahedron thereby creating a Zhang-Rice singlet in the octahe-
dron (non-local screening) [39–42]. The perovskite NdNiO3
has a negative effective charge-transfer energy, giving rise to
“self-doped” holes on the ligands [16]. It has a local Ni 3d8
configuration, a predominant O 2p character across the Fermi
level and a consequent ground state of mainly Ni 3d8L in the
metallic state at the room temperature. The screened main
line is around 850-860 eV with mainly Ni 3d9L2 character in
the final state, where further electron is transferred from the
neighboring oxygen atoms (local screening) and conducting
electronic states (non-local screening). NdNiO2 has the for-
mal valence Ni+, and both theoretical and experimental stud-
ies indicate conducting electronic state in NdNiO2 at least at
a room temperature [14, 19]. The non-local screened peak
in NdNiO2 contains the smallest area among the three XPS
spectra in Fig. 2.
The significantly suppressed non-local screening final state
in NdNiO2 as shown in Fig. 2 indicates strongly suppressed
Ni-O covalence in the ground state. To detect the Ni-O co-
valence, we turn to the O 1s XPS spectra as shown in Fig. 3.
There are two peaks in O 1s XPS for NiO corresponding to
the unscreened and screened final states, respectively, for the
core hole. For NdNiO3, there are three peaks due to the neg-
ative charge transfer energy and the extra peak has the low-
est binding energy 528.3 eV, indicating the oxygen 2p state is
pushed across the Fermi energy. Very different from NiO and
NdNiO3, the covalence peak (529.05 eV) is significantly sup-
pressed as shown in Fig. 3. Together with Ni 2p XPS spectra,
we can conclude NdNiO2 is a Hubbard-like Mott material.
Figure 4 is the Nd 3d core-level XPS spectra for Nd2O3,
NdNiO3 and NdNiO2, with very similar overall pattern. This
indicates that the valence of the Nd ion in NdNiO3 and
NdNiO2 is exactly 3+ the same as that in Nd2O3, confirm-
ing that the formal valence of Ni is 3+ and 1+ in NdNiO3
and NdNiO2, respectively. As in Nd2O3, Nd3+ in NdNiO3
and NdNiO2 has the 4f3+ electronic configuration with lo-
cal moments. All Nd 3d5/2 XPS spectra in Fig. 4 exhibit
the three-peak structure, indicating strong mixing state be-
tween 4f3 and 4f4L configurations. The unscreened (4f3)
and screened (4f4L) final states correspond to the peaks at
around 982 eV and 977 eV, respectively. The over-screened
(4f5L2) peak is around 993 eV. The strong covalency hy-
bridization between Nd 4f and O 2p states makes NdNiO2 a
heavy-fermion system similar to the model for heavy-fermion
behavior of Nd1.8Ce0.2CuO4 [37].
Two-magnon mode in Raman spectroscopy. – Figure 5 is
the Raman spectra of NdNiO2 at 300 K and 120 K measured
on the single crystal shown in the inset. During the synthe-
sis process, some pure nickel metal are embedded in NdNiO2
crystal due to the perotectic phenomenon. From the scanning
electron microscopy (SEM) image in the inset of Fig. 5, we
can see the nickel metal in the dark gray spots according to
energy dispersive X-ray (EDX) analysis. The large light gray
area in the SEM image is NdNiO2 as identified by EDX. We
perform the Raman scattering measurements on NdNiO2 in
the light gray area.
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FIG. 4. Nd 3d core-level XPS spectra of NiO, NdNiO3 and NdNiO2.
4FIG. 5. Raman susceptibility spectra in NdNiO2 at 300 K and 120 K.
The origin of the broad peak at 122 cm−1 is unclear, probably due
to the defect. The peak at 548 cm−1 is the two-magnon mode in
NdNiO2, signaling the strong spin fluctuation.
The ideal stoichiometric NdNiO2 has the space group
P4/mmm and all the ions can be taken as the inversion
center of the lattice. Therefore, there is no Raman active
phonon mode in the Raman scattering. Fig. 5 displays the
Raman susceptibility χ′′(ω) deduced from the Raman inten-
sity I(ω) according to the fluctuation-dissipation theorem,
I(ω) = (1 + nB(ω))χ
′′(ω) where nB(ω) is the boson factor.
There is no sharp phonon modes in the spectra. A broad peak
appears at 122 cm−1, independent of the temperature. The
origin of the 122 cm−1 is not clear and we suspect it comes
from the defect due to the off-stoichiometry of NdNiO2.
We attribute the mode at around 550 cm−1 in the Ra-
man susceptibility spectra of NdNiO2 in Fig. 5 to the two-
magnon peak in the two-dimensional Heisenberg antiferro-
magnet. The broadening of the two-magnon response with
doping and temperature has been studied theoretically in the
cuprate oxides [22–32]. The two-magnon identifies the strong
spin fluctuations in the cuprate even when the long range an-
tiferromagnetic order disappears at high temperatures or upon
doping [33]. In a 2D Heisenberg antiferromagnet, the light in
the Raman process flips two nearby spins on the nearest neigh-
boring bond, leaving behind a locally disturbed antiferromag-
net with 6 broken exchange bonds in the final state. Therefore
the two-magnon has the energy scale at roughly 2.7J [33].
We equal 2.7J to 550 cm−1, and obtain the antiferromagnetic
exchange strength J = 25 meV.
Discussions and Conclusions. – The discovery of the
superconductivity in the thin film Nd0.8Sr0.2NiO2 [14] has
caught lots of attention, however, the recent report of the bulk
Nd1−xSrxNiO2 (x = 0.2, 0.4) reveals an insulating behav-
ior without the presence of the superconductivity [43]. The
reason of the discrepancy is unclear. We suspect that the Sr
substitution of Nd destroys the flat NiO2 plane in the bulk
Nd1−xSrxNiO2, probably resulting in the insulating behavior
due to the disorder. In the thin film Nd1−xSrxNiO2, due to
the strain effect of substrate, the NiO2 plane remains flat after
doping.
In the previous theoretical study, we derive the effective
Hamiltonian for nickelate oxides Nd1−xSrxNiO2 with the flat
NiO2 planes [18]. From the the Heyd-Scuseria-Ernzerhof
hybrid density functional and the exact diagonalization of
the three-band Hubbard model for the Ni5O16 cluster, we
find that the undoped NiO2 plane is a Hubbard Mott insu-
lator and the doped holes primarily locate on Ni sites. The
physics of the undoped NiO2 plane is described by the two-
dimensional Heisenberg antiferromagnet on the square lat-
tice H = J
∑
〈ij〉 Si · Sj with the exchange strength J =
26 meV [18]. The electron pockets of Nd3+ 5d character in
NdSrNiO2 hybridizes with the 4f local moments, behaving as
a heavy fermion system, HK =
∑
k ka
†
kσakσ + JK
∑
i si ·
S4fi , where akσ creates fermion with momentum k on the
electron pockets and si and S
4f
i are the spin operators for the
5d electrons and 4f local moments, respectively.
In this work, from the core-level XPS of Ni 2p and O
1s spectra in Fig. 2 and 3, we find that the covalence in
NdNiO2 between Ni 3d and O 2p is significantly suppressed
with respect to the results for NiO and NdNiO3, consis-
tent with the Hubbard-Mott scheme proposed in our the-
ory [18]. The Hubbard-Mott scenario is also proposed in
Ref. [17]. From Nd 3d core-level XPS, we reveal the strong
covalency hybridization between Nd 4f and O 2p states in
NdNiO2, indicating the heavy-fermion behavior similar to
Nd1.8Ce0.2CuO4 [37]. This agrees with our theoretical pre-
diction again as discussed above. The Raman spectra in
NdNiO2 demonstrates the strong spin fluctuation with the ex-
change strength J = 25 meV, surprisingly close to the theo-
retical value J = 26 meV in our theoretical work.
In summary, we perform core-level X-ray photoemission
spectroscopy (XPS) and Raman spectroscopy studies of elec-
tronic structures and spin fluctuations in thenickelate oxides
NdNiO2. The Ni 3d and O 2p hybridization in NdNiO2 is
significantly suppressed, indicating the Hubbard-like Mott in-
sulator for the undoped NiO2 plane. The three-peak struc-
ture in Nd 3d core-level XPS implies the strong mixing state
between 4f3 and 4f4L in NdNiO2, giving rise to a heavy-
fermion like system. Two-magnon peak in the Raman scatter-
ing provides direct evidence for the strong spin-fluctuation in
NdNiO2. The peak position determines the antiferromagnetic
exchange J = 25 meV. Our experimental results agree very
well with our previous theoretical results.
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